Abstract. In our previous work [Sens. Actuator B: Chem. 203 1-8 (2014)], a ultrasonic sensor has been proposed to detect gas compositions by the acoustic spectral peak location. However, the effective relaxation area constructed by existing theoretical model cannot match the detection method when there are more than one strong relaxational components in gas mixture. A method that calculates the relaxation time of a multi-component relaxation process is presented. Based on acquirement of decoupled relaxation times and their corresponding effective specific heat values, it calculates the whole relaxation time of a multi-component relaxation process. The method is based on the fact that for a multi-component gas mixture, such as occurs in many polyatomic gas mixtures, the relaxation process should be considered as a whole rather than being decoupled as some single relaxation processes. Acquiring relaxation time provides the approach to obtain the acoustic absorption spectral peak value directly.
Introduction
Intelligent ultrasonic sensor is applied widely to detect gas compositions [1] . Measuring acoustic relaxation absorption spectrum is a powerful method to characterize molecular relaxation process in gas mixture [1, 2, 3] . For the complexity of obtaining the whole spectrum, we proposed a method to employ the spectral peak location to detect gas composition. Based on this method, a gas detection sensor with two pairs of ultrasonic transducers are suggested to practical applications [4] . In a simple relaxation process, the acoustic relaxation absorption spectral peak location is determined by the relaxation time [5, 6] . Therefore, calculating the relaxation time in excitable gases is a key issue to apply the spectral peak location based method in gas detection.
Over the years, some relaxation time theories have been proposed [7] [8] [9] [10] . However, these theories did not provide an appropriate physical model to demonstrate the theoretical derivation. Recently, based on the decoupling model in multi-component excitable gases [11] , Zhang calculated the vibrational relaxation times of the specific decoupled relaxation processes [6] . However, a multicomponent relaxation process should be considered as a whole physical process. Zhang's model can only calculate the decoupled relaxation times of every single relaxation processes. In practical detection, calculating the acoustic absorption spectral peak focuses on the whole relaxation time of a multi-component relaxation process.
Based on the relaxation time theories, we develop a model in this paper to calculate the whole relaxation time. The model can be applied to measure the spectral peak value, i.e. the effective relaxation frequency and the maximum acoustic absorption coefficient. In the paper, we propose a relaxation time coupling based method to obtain the whole relaxation time. Then we compare the predicted results based on the proposed method with the experimental data, and provide the experimental results in strong-strong relaxational gas mixtures.
Coupling relaxation times method
The acoustic relaxation absorption decoupling model [11] suggests that a multi-component vibrational relaxation process in excitable gases can be decoupled to some single relaxation processes. Effective isochoric specific heat eff V C of multi-component relaxation process can be characterized by the relaxation times as [6, 11] :
where eff V C represents the macroscopic 'footprint' of the inability of the internal degrees of freedom to follow the external temperature fluctuations [12] . V C ∞ is the high- C is given by the Planck-Einstein function for a harmonic oscillator [2] . Based on Eq. (2) and the general relaxation equation provided in [11] , we can obtain the expression of the algebraic relaxation equation in a matrix form [6] :
where
is the identity matrix. Ref. [11] defined the matrix R as energy transition rate matrix. We can construct the matrix R by calculating the jj k and jk k as [6] : T is the equilibrium temperature. 10 ( ) k j and 10 01 ( , ) k j k are the V-T transition rate and the V-V transition rate respectively. They can be calculated by the Tanczos equation [1, 3] . By using Eq. (1) and Eq. (3), we can obtain the relaxation times n τ and the isochoric molar specific heat * n C of the decoupled singlerelaxation processes. The reciprocals of the eigenvalues of the energy transition rate matrix R are exactly the relaxation times n τ [6] . The detailed derivation is developed in [6] .
For a multi-component relaxation process, refs.
[6] and [11] decoupled the whole relaxation process to some single relaxation processes, and allocated the relaxation times to every specific relaxation process as Eq. (1). Based on the decoupling model, Zhang et al. suggested that there will be as many relaxation times as there are vibrational modes available to a gas, and the relaxation time of the primary relaxation process determines the spectral peak location in most cases [6] . However, we think that the "primary relaxation time" in [6] τ is the whole relaxation time of the whole relaxation process [5] .
Since there are no more than two significant relaxation processes appearing together in the available literatures, we focus on the case that To the two strong relaxation components gas mixtures, (10), we can obtain the relaxation frequency and the maximal acoustic relaxation absorption coefficient, i.e. the acoustic relaxation absorption spectral peak value are: 
Simulation results and discussion
Based on Eq. (11), we will validate the proposed method by comparing the spectral peak predicted by our method with the experimental data. We first consider the simulation in the mixture CO 2 -N 2 and CH 4 -N 2 . They both have only one single strong relaxation process. The results are shown in Fig. 1 .
As 60%CO 2 -40%N 2 shown in Fig. 1(a) , the curve represents the acoustic absorption spectrum predicted by the model given in [6] , the diamond is its predicted peak.
Then we select five pairs of the experimental data given by Ejakov et al. [15] , they are given as the Plused-Circle in Fig. 1 , and the other circles are also experimental data. With these five pairs of data, we synthesize them to a measured spectral peak by the algorithm proposed in [5] . The synthesized results are shown as Plus in Fig. 1(a) . Finally, we calculate the peak value by our proposed method, the result is shown as Bold Cross in Fig. 1(a) .
In Fig. 1(a) , the spectral peak predicted by our proposed method (Bold Cross) is closer to the synthesized results (Plus) than the prediction in [6] (Diamond). Similarly, for the 60%CH 4 -40%N 2 mixture, the spectral peak predicted by our proposed method is also closer to the synthesized results. The numerical values and relative errors are given in Table 1 . According to Table 1 , for the 60%CO 2 -40%N 2 mixture, predicting by our proposed method, the maximum relative error is 5.2732%, and the average relative error is 1.9367%. Yet for the spectral peak predicted by the analytical model in [6] , the maximum relative error is 8.2840%, and the average relative error is 3.2347%. Similarly, for the CH 4 -N 2 mixture, the maximum relative error and average relative error between the prediction results by our proposed method and the measurements are much smaller than the analytical model in [6] . Consequently, it is obvious that our proposed method can obtain the relaxation time more correctly than the model in [6] . Table 1 . Calculation results of the spectral peaks in Fig. 1 [6] and the whole relaxation time by our proposed method, respectively. Then with the calculation results, the spectral peaks are predicted. Finally, we compare the predicted spectral peak value with the measurements data by the synthesizing algorithm [5] . The prediction results and relative errors are given in Table. 2.
As shown in Table. 2, when the concentration of CO 2 is 4%, the relative errors are 1.10% and 1.99%, respectively. This is because that the major component of the gas mixture is CH 4 , the mixture can be thought as pure CH 4 actually. However when the concentration of CO 2 is 24%, the relative error between the measured result and the predicted by our proposed method is 5.14%, while the relative error is 17.37% for the model in [6] . The spectral peak value predicted by our proposed method are more accurate than that predicted by the model in [6] .
Conclusion
In this paper, we improve the relaxation time model [6] to calculate the whole relaxation time of a multicomponent relaxation process. Based on our proposed method, the spectral peak value can be obtained more correctly than the model in [6] . The relative error between the measured results and the predictions can be effectively decreased by the proposed method. Moreover, for most excitable gases, the relaxation time of the multi relaxation process should be considered as a whole rather than the decoupled first relaxation time that proposed in [6] . Consequently, the acoustic absorption spectral peak predicted by our proposed method can be more correctly than that predicted by the previous theory. The proposed coupling relaxation time method provides idea for intelligent ultrasonic sensor design in practical applications. This work is supported by National Natural Science Foundation of China (Grant Nos. 61371139, 61571201 and 61461008). 
